We previously reported that approximately half of the patients with a small (r2 cm in size) but vessel invasionpositive lung adenocarcinoma experience relapse in the form of distant metastasis, even if the tumors were completely resected and diagnosed as pathological stage I. 1 These clinicopathological data indicate that lung adenocarcinoma cells floating in vessels do not undergo apoptosis. In other words, the cells have acquired the ability to resist anoikis, a type of apoptosis induced by detachment from their extracellular matrix. 2 Several research groups, including us, have reported that Src, a non-receptor type tyrosine kinase, has a role in the anoikis resistance in lung adenocarcinomas. [3] [4] [5] We have demonstrated that 1) intralymphatic floating lung adenocarcinoma cells observed in primary tumor tissues form compact nests expressing E-cadherin and phosphorylated Src; 2) these two proteins are also expressed in tumor spheroids of four lung adenocarcinoma cell lines (LC-KJ, HCC827, H1650, and H1975) cultured in suspension, the shape of which is similar to intralymphatic tumor cell nests observed in tissues. 5 We thus consider tumor spheroids of the four cell lines in suspension culture system to be a suitable in vitro model of circulating tumor cells. In addition, we have shown that ABT-263, a potent Bcl-2 inhibitor, 6, 7 significantly enhances the susceptibility for apoptosis in suspended lung adenocarcinoma cells treated with Src tyrosine kinase inhibitors (TKIs), 8 as ABT-737, the predecessor of ABT-263, can increase the levels of epidermal growth factor receptor (EGFR) TKI-induced apoptosis in EGFR-mutant lung adenocarcinomas. 7, 9, 10 However, the effect of the combination therapy of ABT-263 and a Src TKI on apoptosis in lung adenocarcinoma cells upon detachment was obtained from short-term (24-48 h) in vitro experiments. 5, 8 We have not yet confirmed whether long-term treatment with a Src TKI and ABT-263 can ultimately eradicate lung adenocarcinoma cells in suspension. Clinical and experimental observations reveal that even highly effective therapies, such as EGFR TKIs for EGFR-mutant lung adenocarcinomas cannot eradicate tumor cells. 11, 12 Also, Abl TKIs for chronic myelogenous leukemia (CML) with the Bcr-Abl oncogene are not able to eradicate tumor cells, but histone deacetylase (HDAC) inhibitors can eliminate CML stem cells in combination with the Abl TKI, imatinib. 13 This indicates that a subset of tumor cells can survive treatment with molecularly targeted drugs against the addicting oncogene product through various genetic and/or epigenetic mechanisms. These observations led us to surmise that a subpopulation of lung adenocarcinoma cells in suspension should survive the combination therapy with a Src TKI and ABT-263, but may not last with a combination treatment of a Src TKI, a Bcl-2 inhibitor, and an HDAC inhibitor.
Two EGFR-mutant lung adenocarcinoma cell lines (HCC827 and H1975) cultured in either monolayer 14, 15 or suspension 5 show different sensitivity to Src TKI treatment. The difference may be because of the fact that only H1975 cells have a point mutation of T790M in exon 20, which confers resistance to first-generation EGFR TKIs such as gefitinib and erlotinib; HCC827 cells, which are sensitive to Src or EGFR TKIs, harbor a deletion mutation in exon 19 (del E746-A750). H1975 cells, which considerably resist Src or EGFR TKI therapy, contain two point mutations of T790M in exon 20 and L858R in exon 21 in the EGFR gene. 5, 11, 14, 15 The EGFR T790M mutation may have a key role in the decreased susceptibility to Src TKIs in H1975 cells, because mutant EGFR and Src interact with each other. 16 In this study, we focused on the two EGFR-mutant lung adenocarcinoma cell lines to elucidate to what extent acute and chronic combination therapy with a Src TKI, a Bcl-2 inhibitor, and an HDAC inhibitor, or an EGFR TKI, a Bcl-2 inhibitor, and an HDAC inhibitor, can induce apoptosis in the two cell lines in suspension. We used AZD0530 as the Src TKI, ABT-263 as the Bcl-2 inhibitor, trichostatin A (TSA) as the HDAC inhibitor, and WZ4002 for the EGFR TKI for 24-144 h on HCC827 and H1975 cell lines. We also analyzed whether these combination treatments have the capability of eradicating these suspended carcinoma cell lines.
MATERIALS AND METHODS
The experimental procedures were approved by the Institutional Review Board at the Kanagawa Cancer Center.
Cell Culture and Drugs
The two lung adenocarcinoma cell lines (HCC827 and NCI-H1975) used in this study were obtained and maintained as previously described. 5 Cells were grown to subconfluence in 94-mm tissue culture dishes (Greiner Bio-One, Tokyo, Japan) and then, were trypsinized with 0.05% trypsin/0.02% EDTA. The cells were then seeded on 90-mm low cell-binding dishes (Nalge Nunc International KK, Tokyo, Japan) for suspension culture or the above-mentioned tissue culture dishes for monolayer culture, and were then cultured at 37 1C in a 5% CO 2 humidified incubator. The cells cultured on low cellbinding or conventional culture dishes for 24 or 48 h were then treated with the small-molecule inhibitor(s), as described below, for another 24, 48, 72, or 144 h. After 96 h of plating, the media were removed and replaced with fresh media containing the same drug(s). The cells treated for 144 h in suspension were then plated on conventional culture dishes in fresh media without drugs and were allowed to adhere to the surface of the dishes for 24 h to observe to what degree tumor cells survived the long-term (144 h) treatment. Media were then removed, and the cells were washed with phosphate-buffered saline and then fixed for 1 min with 10% buffered neutral formaldehyde, followed by 99% methanol for another 24 h. Microscopic images of the cells were taken with a camera and then the cells were stained with Giemsa to underscore the viable cells adhering to the dish. Finally, we counted the number of viable spheroids on the dish to quantify the effect of the long-term therapy on the two cell lines. As a control, cells were treated with the same concentration of dimethyl sulfoxide (Sigma-Aldrich, St Louis, MO, USA). The pharmacological agents used in this study were as follows: two Src family TKIs: AZD0530 (saracatinib; BioVision, Mountain View, CA, USA) or PP1 (Toronto Research Chemicals, North York, Canada); the Bcl-2 inhibitor, ABT-263 (Toronto Research Chemicals); the HDAC inhibitor, TSA (Wako Pure Chemical Industries, Osaka, Japan); and two EGFR TKIs: the first-generation EGFR TKI, gefitinib (Biaffin GmbH & Co KG, Kassel, Germany) or the third-generation EGFR TKI, WZ4002 (Selleck Chemicals, Houston, TX, USA). WZ4002 has the capability to effectively suppress the phosphorylation of the mutant T790M EGFR, as well as mutant EGFR without the point mutation. 17 Stock solutions of these drugs were prepared at 10 mM in dimethyl sulfoxide.
The Generation of Src TKI-Resistant H1975 Cells H1975 cells were grown to subconfluence in 94-mm tissue culture dishes. The cells then received the combination treatment of PP1 (5 mM) þ ABT-263 (1 mM), which induces apoptosis in B50% of suspended H1975 cells in 24 h. 8 Fresh media containing the drugs were replaced every 3 days. The remaining viable H1975 cells attached to the dish, decreased in number by about 50% in response to the treatment within 7 days. However, the cells resumed proliferating even in the presence of the drugs after 2 weeks of drug selection. The cells Anoikis resistance of lung adenocarcinoma Y Sakuma et al that proliferated to subconfluence in a monolayer culture dish were trypsinized and then resuspended as single cells in fresh media with the drugs. The cells that were seeded again on conventional culture plastic plates were able to thrive in the drug-containing media. We confirmed that the cells survived 20 passages in the presence of the drugs. The cells were termed H1975 Src TKI-resistant (SR) cells in this study.
Western Blotting
The cells treated with the indicated agent(s) were then lysed in NuPAGE LDS Sample Buffer (Invitrogen, Carlsbad, CA, USA). The whole cell lysates were subjected to SDS-PAGE (NuPAGE 4-12% Bis-Tris Gel; Invitrogen), followed by blotting with the indicated antibodies, and were detected by the Supersignal West Pico Chemiluminescent Substrate (Thermo Scientific, Rockford, IL, USA). The types and dilutions of primary antibodies used were: anti-poly (ADPribose) polymerase-1 (PARP-1; p116/p85; E78; 1:1000 dilution; Epitomics, Burlingame, CA, USA), anti-gH2AX (Phospho-Histone H2AX Ser139; 1:1000 dilution; Cell Signaling Technology, Tokyo, Japan), anti-Src (36D10; 1:2000 dilution; Cell Signaling Technology), anti-phospho-Src Family (Tyr416; 1:500; Cell Signaling Technology), anti-EGFR (1:1000 dilution; Cell Signaling Technology), antiphospho-EGFR (Tyr1173; 53A5; 1:2000 dilution; Cell Signaling Technology), anti-Histone H3 (1:2000 dilution; Cell Signaling Technology), anti-Acetyl-Histone H3 (Lys14; H3K14 Ac), anti-Akt, anti-phospho-Akt (Ser473), anti-p44/ 42 MAP Kinase (ERK 1/2; 137F5) or anti-phospho-p44/42 MAPK (ERK 1/2; Thr202/Tyr204; D13.14.4E; all at 1:1000 dilution; Cell Signaling Technology), anti-Bim (Y36; 1:1000 dilution; Epitomics), and anti-b-actin (AC-15; 1:10 000 dilution; Sigma-Aldrich). To evaluate the levels of apoptosis, the band intensity of the pro-and cleaved-forms of PARP-1 was measured on an X-ray film using Image J software. Each experiment was performed in triplicate. PARP-1 is an intracellular 'death substrate' and its cleaved form is used as a representative marker of apoptosis. 18 We also quantified the band intensity of total and phosphorylated EGFR with the same software.
Another Assessment of Cell Apoptosis
The two cell lines were seeded on 24-well Cell Tight X plates (Sumitomo Bakelite, Tokyo, Japan) for suspension culture at an initial density of 2.0 Â 10 5 cells per well in 500 ml of medium, and allowed to form spheroids for 24 h. The cells were then untreated or treated with the indicated drug(s) for another 24 h. After 48 h, cell apoptosis was assessed using a Caspase-Glo 3/7 Assay (Promega, Madison, WI, USA) according to the manufacturer's instructions.
The Preparation of Cell Blocks
Cell blocks of H1975 parental cells and SR cells cultured in suspension for 72 h were made as previously described. 19 The cell blocks embedded in agarose were fixed in 10% buffered neutral formaldehyde and then embedded in paraffin. Immunocytochemical staining of E-cadherin was performed, also as described in the 'Immunohistochemistry' section, to evaluate whether E-cadherin was expressed in both types of spheroids.
Mutational Analysis
Mutational analyses of the exons 18-21 of the EGFR gene were performed by loop-hybrid mobility shift assays and sequencing as previously described. 20 
Lung Adenocarcinoma Tissues
We analyzed tumor samples obtained from 16 lung adenocarcinoma patients with lymph node metastasis, who underwent an operation at the Kanagawa Cancer Center Hospital between January 1998 and March 2008. The patients included 6 men and 10 women, with a median age of 62.5 years (range, 52-82 years). Each of the tumors had an activating EGFR gene mutation in exon 19 or 21 (Table 1) . Abbreviations: EGFR, epidermal growth factor receptor; F, female; IHC, immunohistochemistry; M, male. a Lymph node metastatic foci were examined for mutant (E746-A750 deletion or L858R)-specific EGFR expression by IHC in each patient. EGFR; Ex19Del, in-frame deletion in exon 19; G1, deletion of nucleotides 2239-2247 and G22484C resulted in deletion of amino acids L747-E749 and A750P; G2, deletion of nucleotides 2235-2249 resulted in deletion of amino acids E746-A750; G3, deletion of nucleotides 2236-2250 resulted in deletion of amino acids E746-A750; L858R, L858R point mutation in exon 21.
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Immunohistochemistry
Immunohistochemical staining was carried out on formalinfixed, paraffin-embedded tissue sections of regional lymph nodes that involved metastatic foci for the expression of mutant (E746-A750 deletion or L858R) specific EGFR as previously described. 5 In addition, immunocytochemical staining was similarly carried out on formalin-fixed, paraffinembedded cell block sections for the expression of E-cadherin. To detect E-cadherin, sections were retrieved by autoclave treatment at 121 1C for 15 min in citrate buffer (pH 6.0). To retrieve two mutant-specific EGFR antigens, sections were autoclaved at 121 1C for 15 min in EDTA (pH 9.0). The types and dilutions of primary antibodies used were: anti-Ecadherin (NCH-38; 1:100 dilution; DakoCytomation, Kyoto, Japan), anti-EGFR (E746-A750 deletion mutant specific; 6B6; 1:100; Cell Signaling Technology), and anti-EGFR (L858R mutant specific; 43B2; 1:100; Cell Signaling Technology).
Statistical Analysis
Differences in rates of apoptosis between cells treated or untreated with the indicated drugs, or between treated cells in suspension or monolayer culture conditions were evaluated by paired t-tests. P-values of less than 0.05 were considered significant. All statistical calculations were performed with the JMP software system (JMP for Windows version 7; SAS Institute Japan; Tokyo, Japan).
RESULTS
Short-Term Combination Therapy with AZD0530, ABT-263, and TSA Effectively Induces Apoptosis in HCC827 and H1975 Cells in Suspension Although the Src TKI AZD0530 (0. 5 mM) alone was able to inhibit the Src kinase activity in both the cell lines examined, the induction of apoptosis was not obvious in suspended H1975 cells in terms of PARP-1 cleavage (Figure 1a) . Combination therapy with AZD0530 and the Bcl-2 inhibitor ABT-263 for 24 h, however, induced apoptosis effectively in the two suspended lung adenocarcinoma cell lines (Figure 1a and b). Another DNA damage marker, gH2AX, was induced also in proportion to the degree of apoptosis (Figure 1a) . The cells did not undergo marked apoptosis by treatment with Anoikis resistance of lung adenocarcinoma Y Sakuma et al TSA (0.1 mM) alone, as tested by the slight induction of acetyl-histone H3K14. The addition of TSA to AZD0530 and ABT-263 treatment slightly enhanced the sensitivity of the cells to apoptosis. However, the difference in apoptosis rates with and without TSA did not reach statistical significance (Figure 1a and b) . The phosphorylation levels of EGFR dramatically decreased with Src TKI treatment in HCC827 cells, but not in H1975 cells (Figure 1a) as already reported. 15 Long (Figure 2a and b) . However, the effect of the combination treatment on HCC827 cells in monolayer, which is in an anchorage-dependent condition, was drastically weaker than that on the cells in suspension (suspension vs monolayer: 96.4 vs 22.4%, P ¼ 0.0052; Figure 2a and b). Many tumor spheroids of control HCC827 cells survived in suspension for 144 h and then adhered to conventional culture dishes, whereas very few treated HCC827 cells were able to survive the therapy and then adhere to the dish (Figure 2c and d) . Because the viable HCC827 spheroids after the therapy markedly decreased in number and size, we were not able to observe the spheroids macroscopically (Figure 2d ). However, many tumor spheroids of H1975 cells in suspension survived the same treatment and subsequently adhered to the dish, although the individual size of the treated spheroids appeared smaller than control cells (Figure 2e ). These findings led us to believe that subpopulation of H1975 cells have the capacity to evade anoikis even in the presence of a Src TKI. Figure 3a) . The expression levels of total EGFR were comparable in both parental and H1975 SR cells (parental cells vs SR cells: 1 vs 1.031, P ¼ 0.8299). The upregulation of EGFR kinase activity in SR cells may have a key role in the increased resistance to apoptosis induced by Src TKIs.
EGFR Phosphorylation in H1975 SR
Cells Considerably Increases Compared with Parental Cells We established H1975 SR cells that are resistant to the combination treatment of a Src TKI (PP1, 5 mM) and ABT-263 (1 mM). H1975 SR cells showed increased resistance to apoptosis induced by another Src TKI, AZD0530 (0.5 mM), and ABT-263 (1 mM) as expected (parental cells vs SR cells: 31.5 vs 4.3%, P ¼ 0.0006; Figure 3a and b). The combination therapy significantly reduced the phosphorylation levels of Src in H1975 parental cells, but not H1975 SR cells. Also, the expression of phosphorylated EGFR in H1975 SR cells appeared considerably greater than in parental cells (parental cells vs SR cells: 1 vs 1.735, P ¼ 0.0717;
H1975 SR Cells Markedly Undergo Apoptosis in
Response to Combination Therapy of WZ4002, a Third-Generation EGFR TKI, and ABT-263 WZ4002 substantially reduced the phosphorylation levels of EGFR in H1975 SR cells, as well as parental cells in almost the same way (Figure 4a) . However, the sensitivity of H1975 SR cells to WZ4002-induced apoptosis was considerably lower than parental cells (parental cells vs SR cells for WZ4002 0.1 mM: 19.6 vs 4.1%, P ¼ 0.0327; for WZ4002 1 mM: 31.6 vs 15.5%, P ¼ 0.0739, respectively). The addition of ABT-263 (1 mM) significantly enhanced the susceptibility to apoptosis of both the cell lines treated with WZ4002 (Figure 4a and b) . Tumor spheroids of H1975 SR cells were markedly fragmented in the presence of WZ4002 and ABT-263 for 24 h (Figure 4c) , and then approximately, half of the treated H1975 SR cells underwent apoptosis (Figure 4a and b) . H1975 SR cells were still much more resistant to the combination therapy than parent cells (parental cells vs SR cells for WZ4002 1 mM þ ABT-263 1 mM: 59.5 vs 48.0%, P ¼ 0.0151; Figure 4b ). WZ4002 markedly reduced the phosphorylation levels of EGFR in parental cells and SR cells (Figure 4a ), suggesting that drug efflux did not account for the increased resistance of SR cells to the EGFR TKI compared with parental cells. As we confirmed that H1975 SR cells retain the same EGFR mutations (T790M þ L858R) as the parent cells have (data not shown), they did not arise from contaminating cells. Moreover, H1975 SR cells and parental cells in suspension formed compact multicellular spheroids expressing E-cadherin (Figure 4d) , indicating that the epithelial-to-mesenchymal transition, which is often Anoikis resistance of lung adenocarcinoma Y Sakuma et al associated with acquired drug resistance in EGFR-mutant lung adenocarcinomas, 21 did not occur in the SR cells. Although EGFR phosphorylation of both the cell lines similarly declined, the increased resistance of H1975 SR cells to WZ4002-induced apoptosis compared with parental cells may be because of transient drug tolerance, based on chromatin modification by histone demethylase KDM5A/Jarid1A proposed by Sharma et al. 22 Although this ability to tolerate drug exposure seems to be vulnerable to HDAC inhibition, 22 SR cells did not undergo apoptosis when treated with the HDAC inhibitor, TSA (0.1 mM; control vs TSA: 1.9% vs 1.8%, P ¼ 0.86), and the induction of gH2AX was not observed in either untreated or treated SR cells (Figure 4e ). It seems unlikely that the chromatin-mediated reversible drug-tolerant state accounts for the resistance to WZ4002-induced apoptosis in H1975 SR cells. However, suspended HCC827 cells were highly sensitive to WZ4002 alone, as well as the combination therapy of WZ4002 and ABT-263, and underwent apoptosis easily with the combination treatment (Supplementary Figure S1a and b) . Long-Term Combination Treatment with WZ4002, ABT-263, and TSA Substantially Induces Apoptosis in Suspended H1975 SR Cells and HCC827 Cells to the Level of Almost Eradication As treatment with HDAC inhibitors combined with Abl TKIs can eliminate CML stem cells, 13 we evaluated the effect of the addition of TSA to WZ4002 and ABT-263 treatment on the two cell lines. Short-term (24 h) treatment with the three drugs induced much more apoptosis in H1975 SR cells than the combined therapy with WZ4002 and ABT-263 in terms of caspase 3/7 activation assay (two drugs vs three drugs: 2.02 ± 0.06 vs 2.51 ± 0.14, P ¼ 0.0136; Figure 6a ) and PARP-1 cleavage assay (two drugs vs three drugs: 20.4±5.0 vs 33.9±3.7%, P ¼ 0.0257; Figure 6b ). For HCC827 cells treated for 24 h, neither caspase 3/7 activation assay (two drugs vs three drugs: 3.55 ± 0.28 vs 3.52 ± 0.05, P ¼ 0.8665; Figure 6a ), nor PARP-1 cleavage assay (two drugs vs three drugs: 94.8 ± 3.7 vs 94.6 ± 3.8%, P ¼ 0.7943; Figure 6b) showed any additive or synergistic effect on apoptosis with the addition of TSA. The combined therapies with or without TSA similarly reduced the phosphorylation levels of EGFR, Akt, and ERK 1/2. The proapoptotic Bcl-2 family member Bim extra-long isoform appeared to be dephosphorylated in both the cell lines treated, judging from a faster migration in PAGE compared with control (Figure 6b ). The dephosphorylated Bim extra-long isoform has a critical role in the induction of apoptosis in EGFR-mutant lung adenocarcinomas. 9, 10 Interestingly, the expression level of anti-apoptotic Bcl-2 family member Mcl-1 remained unaffected in H1975 SR cells when the cells were treated, whereas the Mcl-1 protein expression was markedly decreased in HCC827 cells treated, compared with untreated cells (Figure 6b ). Slight downregulation of Bcl-xL expression was also detected only in HCC827 cells, but not in H1975 SR cells when treated (Figure 6b ). The decreased expression levels of Mcl-1 and Bcl-xL observed only in HCC827 cells may account for a considerable difference in apoptosis rates between treated H1975 SR cells and treated HCC827 cells. When H1975 SR cells in suspension were treated with the combination therapy in the presence or absence of TSA for 144 h, the combination therapy including TSA significantly reduced the number of viable spheroids adhering to the conventional culture dish (WZ4002 þ ABT-263 vs WZ4002 þ ABT-263 þ TSA: 154 vs 58, P ¼ 0.0083). The size of spheroids seemed to decrease after treatment with all the three drugs, compared with WZ4002 and ABT-263 treatment (Figure 6c-e) . These findings suggest that H1975 SR cells have subpopulations that resist the combination treatment with WZ4002 and ABT-263, and the subpopulations, at least in part, are susceptible to HDAC inhibition. When suspended HCC827 cells were treated with the combined therapy with or without TSA for 144 h, only small clusters of 10 or less cells, which appeared smaller in size than remaining spheroids of H1975 SR cells, were interspersed on the dish (Figure 6c and d) . Interestingly, the number of HCC827 cell clusters remaining after longterm treatment with WZ4002, ABT-263, and TSA was a little smaller than that after treatment with WZ4002 and ABT-263 (WZ4002 þ ABT-263 vs WZ4002 þ ABT-263 þ TSA: 70 vs 47, P ¼ 0.1109; Figure 6e ), although the degree of apoptosis induced by the combination therapies with or without TSA were comparable in short-term (24 h) experiments (Figure 6a  and b) . Collectively, when suspended H1975 SR cells and HCC827 cells were treated with the combination therapy of WZ4002, ABT-263, and TSA for 144 h, very few cells were able to survive the therapy and then adhere to the monolayer culture dishes in both cell lines.
Intrasinus Floating Lung Adenocarcinoma Cells and
Matrix-Adhesive Tumor Cells in Lymph Nodes Express a Mutant-Specific EGFR We examined metastasis-positive lymph nodes obtained from 16 EGFR-mutant lung adenocarcinoma patients for the expression of the mutant (E746-A750 deletion or L858R)-specific EGFR (Table 1) . Floating tumor cells in sinuses and/ or afferent lymphatic vessels were observed in all lymph nodes assessed. Intrasinus and/or intra-vessel floating lung adenocarcinoma cells in lymph nodes expressed mutantspecific EGFR in the same way as matrix-adhesive tumor cells (Table 1 and Figure 7) .
DISCUSSION
Several laboratories, including ours, have reported that Src kinase activation has a role in the anoikis resistance in lung adenocarcinomas. [3] [4] [5] Here, we have demonstrated that although long-term combination therapy that includes a Src TKI induces extensive apoptosis in suspended HCC827 cells to the point where they are almost eradicated, H1975 cells in suspension are clearly resistant to the therapy (Figure 2d and e). These experimental findings suggest that Src TKIs may not always induce apoptosis effectively in EGFR-mutant lung adenocarcinoma cells floating in circulation or pleural effusion, although several phase II clinical trials with Src TKIs in patients with non-small cell lung cancer are currently underway. 23, 24 It has been reported that although cells such as H1975 cells, which express EGFR with L858R/T790M double mutations, resist Src TKIs, cells expressing EGFR with exon 19 deletion/T790M mutations remain sensitive to the same agents. 14, 15, 25 Thus, whether Src TKIs are ineffective to all EGFR-mutant cells containing T790M should be examined in the future. HCC827 cells and H1975 cells, both of which have an activating EGFR mutation, depend on constitutive kinase activation of EGFR and its downstream signaling for survival; this dependence is called 'oncogene addiction'. 11 Also, mutant EGFR and Src interact with each other. 16 The interesting finding that the Src TKI AZD0530 considerably reduced the phosphorylation levels of Src and EGFR in HCC827 cells, although the EGFR phosphorylation in H1975 cells remained unaffected by this Src TKI, may account for the marked difference in the susceptibility to Src TKI-induced apoptosis between the two cell lines (Figure 1a) . The third-generation EGFR TKI, WZ4002 similarly downregulated the phosphorylation levels of EGFR and its main downstream molecules, Akt and ERK 1/2, in H1975 SR cells, as well as HCC827 cells in suspension (Figure 6b ). WZ4002 is 30-to 100-fold more potent against the T790M EGFR mutation, and up to 100-fold less potent against wild-type EGFR, compared with the other currently available EGFR TKIs. WZ4002 is a pyrimidine-based EGFR TKI, whereas all other EGFR TKIs are quinazoline-based TKIs. 12, 17 Consequently, WZ4002 is a promising drug in the treatment of EGFR-mutant lung adenocarcinomas.
Combination therapy of WZ4002 and ABT-263 was highly effective for HCC827 and H1975 SR cells in suspension. Intriguingly, the levels of apoptosis induced by the combination therapy were significantly higher in suspended cells than in adherent cells on conventional monolayer culture dishes for both cell lines (Figure 5a and b) . Such a markedly increased susceptibility to EGFR TKI-induced apoptosis in suspended conditions was also confirmed in gefitinib-treated HCC827 cells (Supplementary Figure S2a and b) . To our knowledge, this is the first report to indicate that EGFRmutant lung adenocarcinoma cells depend critically on constitutive EGFR activation to thrive in anchorage-independent conditions. Attached EGFR-mutant lung adenocarcinoma cells appear less dependent on constitutive EGFR signaling for survival than detached cells, probably because integrin ligation enhances cell survival in adherent cells. 26 These in vitro phenomena are supported by a clinically relevant case report that EGFR-mutant lung adenocarcinoma cells floating in pleural effusion in a patient actually underwent apoptosis to some extent as early as 4 h on gefitinib therapy. 27 Recent articles have demonstrated that even established cancer cell lines are not homogeneous, and identified rare, slowly cycling subpopulations in lung, melanoma, breast, and colon cancer cell lines. 22, [28] [29] [30] During our manuscript preparation, subpopulations of HCC827 cells with a quiescence-like state that resist EGFR TKIs have been reported to be highly susceptible to ABT-737, the predecessor of ABT-263. 29 Moreover, a report showed that HDAC inhibitors synergistically enhanced the levels of EGFR TKI-induced apoptosis in EGFR-mutant lung adenocarcinoma cell lines. 31 Therefore, it seems reasonable that suspended HCC827 cells were highly vulnerable to the combined treatment with WZ4002, ABT-263 with or without TSA, and consequently resulted in almost complete cell death by the long-term combination therapy (Figure 6d ). On the other hand, H1975 SR cells are likely to have subpopulations that can evade apoptosis induced by the combination therapy of WZ4002 and ABT-263, and these subpopulations of cells seem to be susceptible to TSA (Figure 6d and e) . Consequently, H1975 SR cells were highly sensitive to the combination therapy with WZ4002, ABT-263, and TSA, and this combination therapy effectively induced apoptosis in H1975 SR cells to the level of almost eradication after long-term treatment ( Figure  6d ). HDAC inhibitors have proapoptotic effects on quiescent cancer stem cells or slowly cycling cells that often resist therapy and serve as the source of relapse by reducing Wnt signaling, which has a critical role in stem cell maintenance, or by inhibiting the chaperone function of heat shock protein 90. 13, 31, 32 Our results suggest that H1975 SR cells have slowly growing subpopulations that are sensitive to HDAC inhibitors. However, the molecular mechanisms underlying the proapoptotic effect of TSA on these subpopulations in H1975 SR cells remain to be elucidated.
This study reveals that floating EGFR-mutant lung adenocarcinoma cells in sinuses and/or afferent lymphatic vessels in all lymph nodes examined expressed a mutant-specific EGFR (Figure 7) . Thus, we expect that the combination therapy of WZ4002, ABT-263, and TSA as components of adjuvant chemotherapy for patients with vessel invasion-positive EGFR-mutant lung adenocarcinoma could induce massive apoptosis in intra-vessel circulating tumor cells and consequently decrease the development of metastases. Unfortunately, we did not confirm the in vivo effectiveness of the combination therapy, because both H1975 SR and HCC827 cells (1 Â 10 6 cells each) injected into BALB/c nude mice via the tail vein did not produce pulmonary metastatic lesions of macroscopic size, even 8 weeks after the inoculation using the experimental lung metastasis assay (data not shown).
In conclusion, the findings presented here suggest that Src TKIs cannot completely overcome the anoikis resistance in lung adenocarcinoma with the EGFR T790M mutation. The suspended EGFR-mutant lung adenocarcinoma cell lines examined are highly susceptible to the combination therapy of WZ4002, ABT-263, and TSA. This suggests that EGFRmutant adenocarcinoma cells depend critically on constitutive EGFR activation to thrive in anchorage-independent (ie, suspended) conditions. Moreover, we confirmed that floating EGFR-mutant lung adenocarcinoma cells in sinuses and/or afferent lymphatic vessels in lymph nodes actually express the mutant-specific EGFR. Collectively, these results suggest that EGFR TKIs can induce apoptosis more effectively in EGFR-mutant lung adenocarcinoma cells floating in circulation or pleural effusion than in an extracellular matrixadherent state in vivo. As vessel-invasion positive lung adenocarcinoma patients frequently experience relapse after surgery, the establishment of effective adjuvant chemotherapy for these patients is urgently needed. We expect that patients with EGFR-mutant lung adenocarcinoma would benefit from the combination therapy of WZ4002, ABT-263, and TSA. This combination therapy could induce apoptosis effectively in circulating tumor cells and reduce the development of distant metastases.
